Gene trap vectors developed for genome-wide mutagenesis can be used to study factors governing the expression of exons inserted throughout the genome. For example, entrapment vectors consisting of a partial 3¢-terminal exon [i.e. a neomycin resistance gene (Neo), a poly(A) site, but no 3¢ splice site] were typically expressed following insertion into introns, from cellular transcripts that spliced to cryptic 3¢ splice sites present either within the targeting vector or in the adjacent intron. A vector (U3NeoSV1) containing the wild-type Neo sequence preferentially disrupted genes that spliced in-frame to a cryptic 3¢ splice site in the Neo coding sequence and expressed functional neomycin phosphotransferase fusion proteins. Removal of the cryptic Neo 3¢ splice site did not reduce the proportion of clones with inserts in introns; rather, the fusion transcripts utilized cryptic 3¢ splice sites present in the adjacent intron or generated by virus integration. However, gene entrapment with U3NeoSV2 was considerably more random than with U3NeoSV1, consistent with the widespread occurrence of potential 3¢ splice site sequences in the introns of cellular genes. These results clarify the mechanisms of gene entrapment by U3 gene trap vectors and illustrate features of exon de®nition required for 3¢ processing and polyadenylation of cellular transcripts.
INTRODUCTION
The sequencing and annotation phases of the mammalian genome projects are nearly complete, with the assembly of human and mouse genome sequences and the placement of over 32 000 genes on the physical maps (1±4). This structural information is having a great impact on the concepts and strategies used to understand gene function, including practical methods to characterize gene functions on a genome-wide level. For example, tagged sequence mutagenesis uses gene trap vectors to disrupt genes in murine embryonic stem (ES) cells combined with rapid, sequencebased screens to characterize the genes disrupted in each ES cell clone (5±12). The resulting libraries of mutant stem cell clones provide relatively large numbers of characterized mutations that can be transmitted into the mouse germline for studies of gene function (13) .
Gene entrapment vectors developed in our laboratory contain a selectable marker in the U3 region of the long terminal repeat (LTR) of a replication-defective Moloney murine leukemia virus. Selection for U3 gene expression generates clones in which the provirus is positioned within actively transcribed genes and is expressed on transcripts originating in the¯anking cellular DNA (14) . The vectors have proven to be effective mutagens, as mutation frequencies at selected genes are 100-to 1000-fold higher in cells isolated after gene trap selection than in cells containing randomly integrated retroviruses (15) . Moreover, 40±78% of mutations selected in ES cells have been reported to produce discernable phenotypes after transmission into the mouse germline (12,16±18) .
The U3 gene traps insert a partial, 3¢-terminal exon containing a selectable marker and a poly(A) site, but no 3¢ splice site (SS). The vectors were designed to select for clones with proviruses inserted into exons, since poly(A) sites are not ef®ciently utilized unless they are positioned downstream of a splice acceptor site. Thus, polyadenylation and 3¢ end formation are inef®cient when poly(A) sites are placed between 5¢ and 3¢ SSs, as in an intron (19, 20) , and insertion of a 5¢ SS into a 3¢-terminal exon suppresses polyadenylation (21, 22) . However, the genes disrupted by U3 gene traps frequently contain proviruses inserted into introns, with variable effects on cellular gene expression. For example, proviruses inserted into introns of genes encoding hnRNP C, EphA2 and Prmt1 induced essentially null mutations (23±25), whereas insertion of the U3Neo vector in an intron of the gene encoding hnRNP A2/B1 (26) caused a hypomorphic mutation. In this latter case, some transcripts extending into the provirus spliced to a cryptic 3¢ SS located within the neomycin phosphotransferase (NPT) coding sequence, while other transcripts spliced around the provirus, allowing continued expression of the occupied gene.
These issues highlighted the need to de®ne more clearly the mechanisms by which a partial 3¢ exon, consisting of a protein coding sequence and poly(A) site but without a 3¢ SS, is expressed following insertion into introns. We ®rst analyzed 400 entrapment loci for which genomic DNA sequences anking the U3NeoSV1 provirus had been previously cloned and sequenced (27) , utilizing the annotated mouse genome sequence (28) , which was not available at the time of the original study. Most sites of provirus integration could be located on the mouse genome, providing information about the identity and structure of the disrupted genes, including the locations of exons and coding sequences. We report that~95% of genes disrupted by U3NeoSV1 contained proviruses inserted into introns. Based on the structures of the occupied genes and molecular analysis of individual clones, the NPT enzyme was typically expressed as a fusion protein from cellular transcripts that spliced in-frame to the cryptic 3¢ SS within the NPT coding sequence. This mechanism of gene entrapment thus appeared to preferentially target genes with 5¢ exons capable of splicing in-frame to produce functional NPT fusion proteins. To test this prediction, a second gene trap vector was constructed (U3NeoSV2) in which the cryptic Neo splice site was removed by site-directed mutagenesis. As expected, gene entrapment with U3NeoSV2 was considerably more random than with U3NeoSV1. However, elimination of the cryptic Neo 3¢ SS did not reduce the proportion of entrapment clones that contained proviruses inserted into introns. Instead, the fusion transcripts utilized cryptic 3¢ SSs present in the adjacent intron or generated by viral and cellular sequences brought together by virus integration. These results clarify the mechanisms of gene entrapment by U3 gene trap vectors and illustrate features of exon de®nition that govern the activity of 3¢ processing and polyadenylation signals inserted into expressed cellular genes.
MATERIALS AND METHODS

Embryonic stem cell mutagenesis and cell culture
Cell lines with mutations in expressed cellular genes were generated by tagged sequence mutagenesis, a large-scale functional genomics strategy for disrupting genes in ES cells (27) . ES cells were maintained in DMEM supplemented with 15% preselected and heat-inactivated fetal bovine serum, 100 mM non-essential amino acids, 0.1 mM b-mercaptoethanol and 1000 U/ml leukemia inhibitory factor (Esgro â ; Gibco).
Analysis of cell±virus fusion transcripts
Total cellular RNA was isolated using the RNAgent RNA isolation system (Promega). An aliquot of 20 mg of each RNA was denatured with formamide, electrophoretically separated on a 1% formaldehyde agarose gel and transferred to a HyBond-N + ®lter (Amersham). DNA probes for neomycin phosphotransferase (Neo) and b-lactamase were labeled with [a-32 P]dCTP using random primer synthesis. Hybridization was performed at 42°C in 50% formamide, 10% dextran sulfate, 5Q SSCPE, 1Q Denhardt's and 10 mg/ml singlestranded (ss)DNA. Blots were washed twice in 1Q SSC/0.1% SDS at 65°C, followed by two washes in 0.2Q SSC/0.1% SDS at 65°C, and exposed overnight. RT±PCR was performed as described (26) . Brie¯y, 20 mg of total cellular RNA was treated with 5 U RNase-free DNase (Gibco BRL), extracted with phenol/chloroform, precipitated in ethanol and resuspended in 20 ml of H 2 O. For cell lines containing the U3NeoSV1 and U3NeoSV2 gene trap vectors, the NeoA primer (5¢-ATTGTCTGTTGTGCCCAGTCATA) and 5 ml of each RNA sample were used to produce ®rst strand cDNA. For the Hnrpc mutant cell line containing the U3His gene trap vector, the HisA primer (5¢-CGCTGTATTCACG-CAGGGCATCG) was used. PCRs (50 ml) contained 2 ml of the RT reaction, 1Q buffer, 1.5 mM MgCl, 0.2 mM dNTP, 0.2 mM gene trap-speci®c reverse primer, 0.2 mM gene-speci®c forward primer and 5 U Amplitaq (Perkin-Elmer/Cetus). Following initial denaturation at 95°C for 1 min, the reactions proceeded through 35 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1.5 min). For cell lines containing U3NeoSV gene trap vectors, PCR reactions used a primer complementary to the provirus, NeoB primer (5¢-CGAATAGCCTCTC-CACCCAA), together with a primer complementary to the proximal exon of the disrupted cellular gene, as follows: Lamr1, 5¢-AGTTCACTGCTGCTCAGCCT; Ddx19, 5¢-CAA-TGAGACCTACCTGCACC; Mrps30, 5¢-GCATTGCCCCC-GAAGATCAA; Rps19, 5¢-CAGGAGTTCGTCAGAGCTTC; Plk3, 5¢-TGCCAGCTTGATAGAGACAG; Gas5, 5¢-TTT-CGGAGCTGTCCGGCATT; Plk, 5¢-CATCCCCATCTT-CTGGGTCA; Dhx9, 5¢-TCGCCGTTCTCGTGGAAG; Uhg, 5¢-TTTTGAGGTGCCACCTTAC; Tk1, 5¢-TTCCAGATC-GCCCAGTACAAG; Eef1a1, 5¢-CTTTTTCGCAACGGG-TTTGCCG. For the cell line containing the U3His provirus, the PCRs used HisB (5¢-GCTGTTCAGGGCTACAG-CTGTTCC) and 4A4 (5¢-ACGGTCGTGTGGTTCTT-CGCTG) as primers complementary to the provirus and disrupted gene, respectively. An aliquot of 2 mg of genomic DNA (14) from each cell line was ampli®ed in a separate reaction using the same combinations of provirus and genespeci®c primers (GSPs). PCR products were separated on a 1.2% agarose gel, transferred to Hybond N membrane and probed with a U3 oligonucleotide (5¢-GCTTGCCAAACC-TACAGGTG) or in the case of Hnrpc the U1 oligonucleotide (5¢-TGAGACCCAAGTCCCCAC) labeled with [a-32 P]dCTP using Terminal Transferase (Promega). Hybridization was performed at 48°C in 2Q Denhardt's, 0.6 M NaCl, 10 mM Tris (pH 7.6), 10 mM HEPES (pH 7.9), 5 mM EDTA and 0.2% SDS. Blots were washed twice at 37°C in 2Q SSC for 15 min and exposed for several hours. In all cases, duplicate gels were run and the products were gel puri®ed (QIAquick Gel Extraction Kit; Qiagen) and TA subcloned into the pGEM-T Easy Vector (Promega). PCR products were sequenced using a dye terminator cycle sequencing system and an ABI 377 sequencer.
Immunoprecipitation and western analysis
Extracts of cell proteins were prepared from con¯uent 10 cm plates by detergent lysis in 1 ml of buffer (50 mM Tris±HCl pH 7.5, 100 mM NaCl, 0.5% NP40, 10 mg/ml CLAP and 0.5 PMSF). Fresh protein extract was used for immunoprecipitation as described (29) . The lysates were precleared with 25 ml of normal rabbit serum, 1 ml of rabbit polyclonal anti-MDM antibody (Santa Cruz Biotechnology), which was later used as the control antibody for immunoprecipitation, and 25 ml of a 1:1 protein A/Sepharose slurry (Sigma). Precleared lysates were split into two samples and incubated (3 h with gentle rocking at 4°C) with either 2 ml of rabbit polyclonal NPTspeci®c antibody (5Prime/3Prime) or 1 ml of control antibody (rabbit polyclonal anti-MDM). Immune complexes were recovered 30 min after addition of the protein A/Sepharose. They were then washed three times in NET buffer (50 mM Tris pH 7.6, 150 mM NaCl and 0.1% NP40) and once with ®nal wash buffer (10 mM Tris±HCl pH 7.6, and 0.1% NP40). Fusion proteins were detected using AuroProbe BLplus immunogold reagents (Amersham) as directed by the manufacturer using a 1:500 dilution of rabbit polyclonal NPTspeci®c antibody.
Construction and gene entrapment by U3NeoSV2
The cryptic 3¢ SS in the Neo gene of the U3NeoSV1 gene trap shuttle vector (7) was removed using a Chameleon doublestranded site-directed mutagenesis kit (Stratagene) following the manufacturer's protocol. NeoMut (5¢-GGATTGCACG-CTGGTTCTCCGGCCGC-3¢) and Sca1Mut (5¢-CTG-TGACTGGTGACGCGTCAACCAAGT-3¢) were used as mutagenic and selective primers, respectively, and mutant templates were veri®ed by DNA sequencing. Gene entrapment with U3NeoSV2 was performed in ES cells as described for U3NeoSV1 (7) . Cellular sequences¯anking the integrated proviruses were cloned by plasmid rescue and were sequenced with a U3Neo primer (5¢-CAGCTAGCTTGCCAAACC-3¢). The¯anking sequences from all of the entrapment clones have been deposited in the GenBank survey sequence database (dbGSS) under accession nos CL440621±CL441145.
RESULTS
Tagged sequence mutagenesis with U3NeoSV1
Four hundred¯anking sequence tags from a library of genes disrupted by the U3NeoSV1 gene trap vector provirus described in an earlier study (27) were re-analyzed against the annotated mouse genome sequence using MultiBlaster, software for performing automated searches of nucleic acid databases (C.Shaffer, E.Ruley and J.Moore, unpublished results). MultiBlaster is constructed around a relational database from which the sequence tags can be retrieved for analysis by the BLASTN (30) and other search engines. Formatted Blast results and information about each mutation are also maintained in the database and both software and data access are controlled via a web browser interface. Blast results formatted by MultiBlaster include hyperlinks to the Entrez map viewer, allowing the user to locate sites of provirus integration on the annotated mouse genome sequence. In most cases, the annotation provided information about the identity and structure of the occupied genes, including the locations of exons and coding sequences. Altogether, >80% of the¯anking sequence tags matched unique regions on the murine genome sequence, including 34 inserts that were not contained within an annotated transcription unit. These may represent inserts into previously uncharacterized genes or into regions that would extend the boundaries of nearby transcription units.
In a previous study, 50% of the¯anking sequence tags matched cDNA or EST clones up to the site of virus integration, consistent with insertion into an exon (27) . However, matches with the annotated mouse genome sequence suggest that~95% of U3NeoSV1 proviruses were actually inserted into introns. The discrepancy is due to several factors. First, very little genomic DNA sequence was available at the time of the original study. Therefore, sequences in the public databases that did match provirus-¯anking DNA almost always came from cDNAs and ESTs, whereas the majority of anking sequences derived from introns produced no signi®-cant matches. Second, some matches appear to involve intron sequences present in cDNA libraries (e.g. from unspliced transcripts or contaminating genomic DNA) and therefore do not re¯ect inserts in exons. However, we cannot exclude the possibility that some of these matching cDNAs were derived from less abundant, alternatively spliced transcripts that have not been incorporated into the gene structural annotations.
Genes disrupted by U3NeoSV1 appeared to be randomly distributed on all chromosomes (data not shown). However, gene entrapment was clearly not random. Of the 281 inserts that disrupted previously characterized transcription units 92 (33%) involved genes targeted multiple times in the library, including the gene encoding platelet endothelial cell adhesion molecule (Pecam), which was independently targeted nine times.
Cryptic 3¢ SS in NPT predicts the formation of fusion proteins
Previous studies characterized a mutation in the gene encoding hnRNP A2/B1, induced by insertion of the U3Neo gene trap vector into an intron (26) . Fusion transcripts initiating in thē anking cellular DNA spliced to a cryptic 3¢ SS located within the Neo gene (Fig. 1A) . The cryptic 3¢ SS contained the requisite AG and potential branch point sequences, but lacked a polypyrimidine tract (Fig. 1B) . Splicing to the cryptic site deleted the ®rst nine amino acids of NPT and the appended N-terminal sequences of hnRNP U and hnRNP A2/B1 were predicted to splice in-frame with the NPT coding sequence.
To determine if splicing to the cryptic Neo 3¢ SS is a common mechanism allowing U3Neo vectors to be expressed from within introns, we analyzed additional inserts from the library of ES cell clones generated by the U3NeoSV1 gene trap vector. We predicted that if splicing occurred between the proximal exon of the disrupted gene and the cryptic Neo 3¢ SS, then the protein encoded by the occupied gene should splice in-frame with the NPT enzyme. This prediction proved correct; in 93% of cases the exon proximal to the provirus ended after the ®rst nucleotide of a codon (+1 reading frame), as is required to splice in-frame with the NPT coding sequence.
Analysis of cell±virus fusion transcripts
To verify the structures of the cell±virus fusion transcripts, ®ve inserts located in introns were selected for further analysis (Fig. 1C) . Lamr1 (laminin receptor), Ddx19 [DEAD (AspGlu-Ala-Asp) box polypeptide 19), Mrps30 (mitochondrial ribosomal protein S30) and Plk3 (a polo-like kinase 3) were chosen randomly from among inserts with well-characterized cDNA sequences. All of the clones contained a single, intact provirus and, taken together, they provided a range of distances between the proximal exon and the integrated provirus. The Rps19 (ribosomal protein S19) mutant clone was chosen because it contained an insert in which the proximal exon could not splice in-frame and raised the possibility of producing functional NPT by an alternative mechanism. Finally, two clones in which the virus had integrated into exons of known genes, Gas5 (growth arrest-speci®c gene 5) and Plk (polo-like kinase 1), were also analyzed to assess whether the Neo cryptic 3¢ SS competes with the splice acceptor of the occupied exon.
Fusion transcripts in the clones listed above were examined by northern blot hybridization using a Neo-speci®c probe (Fig. 2) . Transcripts of varying size were observed, presumably because different amounts of cellular RNA are appended to the inserted Neo genes. Ssrp1 is an ES cell clone containing a Neo gene introduced into the Ssrp1 gene by gene targeting (31) . Neo transcripts, expressed from a phosphoglycerol kinase (PGK) promoter in Ssrp1 cells, are~1.1 kb. As expected, all provirus-containing clones expressed transcripts >1.2 kb, the size of U3Neo sequences incorporated into fusion transcripts. Table 1 compares expected and observed sizes of cell± U3Neo fusion transcripts. Expected sizes re¯ect the amount of cellular RNA that could be appended to U3Neo, based on the published cDNA sequences (32±38). In general, the size of the major fusion transcript was as expected or larger. Since our predictions assumed that the published cDNAs are full-length, larger transcripts may re¯ect additional 5¢ sequences not present in the original cDNA clones. The one exception was Plk, where the size of the expected fusion transcript was smaller than actually observed. This could result from alternative splicing or the use of an alternative promoter in ES cells.
Overall, the northern data suggest that polyadenylation and 3¢ end formation occur primarily in the 5¢ LTR of the U3 gene trap vector. However, larger NPT-speci®c transcripts were observed in all the U3NeoSV1 clones. Based on their size and hybridization (data not shown) to the ampicillin resistance gene (Amp, Fig. 1A ) present in the body of the provirus, these less-abundant, larger transcripts appear to terminate in the 3¢ LTR.
Splicing to a cryptic 3¢ SS is necessary for U3Neo expression when the provirus has inserted into an intron
The structures of fusion transcripts across the cell±U3Neo junction were analyzed by RT±PCR (Fig. 3A) . A Neo-speci®c primer, NeoA, was used to produce ®rst strand cDNA. A second, nested Neo-speci®c primer, NeoB, was used in conjunction with a GSP for PCR. Each GSP was complementary to the upstream exon most proximal to the provirus. Both Neo-speci®c primers matched sequences downstream of the cryptic 3¢ SS. For comparison, regions of genomic DNA were also ampli®ed with the same GSP and NeoB primers.
In four cases (Lamr1, Ddx19, Mrps30 and Plk3), the ampli®ed cDNAs included products shorter (marked with arrows in Fig. 3B ) than were derived from genomic DNA. These cDNAs did not hybridize to a U3 sequence located upstream of the cryptic splice site (Fig. 3) and presumably re¯ect splicing between the proximal exon and the Neo 3¢ SS. This was con®rmed by DNA sequence analysis, as shown in Figure 3B . Larger cDNAs were also ampli®ed from cell lines containing inserts in Lamr1, Ddx19 and Mrps30. These products co-migrated with ampli®ed genomic DNA fragments and hybridized to the U3 probe. These cDNAs were sequenced (data not shown) and were colinear with the genomic DNA.
In principle, NPT could be expressed as a fusion protein from transcripts that splice to the Neo 3¢ SS. Alternatively, NPT could be expressed from the unspliced transcripts, but as the upstream sequences have multiple in-fame stop codons, this would require translational reinitiation. To distinguish between these possibilities, NPT proteins were visualized by western blot analysis (Fig. 4) . Cells where splicing to the Neo 3¢ SS was observed (Lamr1, Ddx19, Mrps30 and Plk3; data not shown) all expressed fusion proteins larger than wild-type NPT (cf. the protein expressed in the Ssrp1 cell line). The apparent molecular weights of the fusion proteins correlated closely with predictions based on gene structure (Table 1) . Moreover, none of the lines expressed wild-type NPT, even those (Lamr1 and Ddx19) that expressed higher levels of unspliced transcripts (Fig. 3B) . This may re¯ect the fact that the second open reading frame in a polycistronic mRNA is translated inef®ciently in mammalian cells (15,39±42) . Mrps30 cells also expressed a smaller NPT-related protein, presumably a degradation product of the larger fusion protein.
Fusion transcripts expressed in cells with the Rps19 insert were also analyzed by RT±PCR. This line represents the occasional clone in which the proximal exon did not end in the +1 reading frame (Fig. 1C) and, therefore, utilization of the Neo 3¢ SS was not expected. The cDNA product was signi®cantly smaller than the corresponding genomic DNA, however, it hybridized to the U3 probe (Fig. 5A ). This suggested that the proximal exon splices to sequences upstream of the Neo 3¢ SS. Indeed, comparison of the cDNA and genomic sequences (Fig. 5B) identi®ed a cryptic 3¢ SS located in the intron of the Rps19 gene. This splice site appears to be a better match to the consensus sequence than the Neo 3¢ SS. As predicted from the presence of in-frame stop codons in the U3 region upstream of Neo, the Rps19 cells appeared to express wild-type NPT (Fig. 4 ).
Splicing to a cryptic 3¢ SS is not required for U3Neo expression when the provirus has inserted into an exon Cell±U3Neo fusion transcripts were also analyzed in two clones (Gas5 and Plk) where the provirus had inserted into an exon. Neither provirus inserted into the ®rst exon and the initiation codons of the disrupted genes were 5¢ and 3¢ of the Plk and Gas5 inserts, respectively. The proximal Plk exon also ended in the +1 reading frame and, if spliced to the Neo 3¢ SS, could generate transcripts that express an NPT fusion protein.
Only one RT±PCR product (B) was observed in Gas5 cells, which also hybridized to the U3 probe (Fig. 6B) . DNA sequence analysis revealed that this cDNA resulted from splicing between the proximal exon and the exon occupied by the provirus (data not shown). In contrast, three RT±PCR products were observed in the Plk clone (Fig. 6B ), which were sequenced (data not shown). The major product (C) resulted from splicing between the proximal exon and the cryptic Neo 3¢ SS. The other products were derived from unspliced transcripts (A) and from splicing between the proximal and occupied exons (B). Both Gas5 and Plk cells apparently expressed only wild-type NPT (Fig. 4) . Although the major transcript in Plk cells has the potential to express a Plk±NPT fusion protein, this protein was not observed. The results with both Gas5 and Plk inserts indicate that splicing to a cryptic 3¢ SS is not required for U3Neo expression when the provirus has inserted into an exon.
Tagged sequence mutagenesis with U3NeoSV2.
Gene entrapment by U3NeoSV1 preferentially targeted genes with 5¢ exons that could splice in-frame to produce functional NPT fusion proteins. To eliminate this mechanism of gene entrapment, a second gene trap vector was constructed (U3NeoSV2) in which the cryptic Neo acceptor site was removed by changing the invariant A of the 3¢ SS to a T (Fig. 7) . The U3NeoSV2 vector was introduced into the Phoenix retrovirus packaging line (43) and culture medium from the stable virus-producing clones were used to infect ES cells at a low multiplicity of infection. After 7±10 days of neomycin selection, Neo-resistant clones were expanded for cryopreservation and for isolation of genomic DNA. Cellular DNAs were digested with either EcoRI or BamHI to clone sequences 5¢ or 3¢ of the provirus, respectively. Aliquots of the digested DNAs were used for Southern blot analysis using Neo-and Amp-speci®c probes to assess the number and integrity of provirus inserts and to verify the sizes of rescued plasmids (data not shown). Approximately 25% of the clones contained a single LTR, presumably generated by homologous recombination, as previously observed with the U3NeoSV1 vector. DNAs from clones containing single, intact proviruses were used for plasmid rescue. The rescued plasmids typically ranged from 4 to 7 kb in size and corresponded to the size of anking fragments as assessed by Southern blot hybridization (data not shown).
Regions of 5¢¯anking DNA were sequenced using a Neospeci®c probe, generating a unique sequence tag for each insert of~500 bp in size, and were compared with the nonredundant, EST and mouse genome databases using the BLASTN program (30) via MultiBlaster. Search results were evaluated by bit scores, with scores >100 considered signi®-cant. Flanking sequences containing repetitive elements were trimmed and used for further database searches.
Starting with 183¯anking sequences, 62 were excluded from further analysis because their size and/or repetitive DNA content precluded meaningful sequence comparisons or because they were derived from sister clones. The remaining 121 sequence tags were informative and included 84 (69%) that matched gene sequences annotated on the mouse genome. Thirty-nine matched known genes for which functional information was available or could be inferred. Forty-®ve matched transcription units derived from anonymous cDNAs or ESTs. Altogether, 88% of the provirus anking sequences matched mapped regions of genomic DNA, consistent with the extent to which the mouse genome sequence has been completed. Genes disrupted by U3NeoSV2 appeared to be randomly distributed on all chromosomes with the possible exception of chromosome 8, which had fewer than the expected number of inserts (data not shown). The targeted genes encode proteins from different functional groups, for example, transcription factors (Stat5b), splicing factors (Zfp162), kinases (Tk1 and Ick), translation factors (Eef1a1), RNA-binding proteins (Bat1a, Dhx9 and Hnrpc), ligands involved in cell signaling (Blnk), cell receptors (Tnfrsf1a) and metabolic enzymes (Cyp26a1). A complete list of targeted genes is available on request and the sequence tags have been deposited in dbGSS. No gene appeared to be independently disrupted in more than one clone, for a repeat frequency of <1%. This is in striking contrast to gene entrapment by the U3NeoSV1 vector, in which 92 of 281 informative sequence tags (33%) involved mutations in genes targeted multiple times in the library. Moreover, with the exception of an insert in the Hnrpc gene, none of the genes disrupted by U3NeoSV2 was among the genes disrupted by U3NeoSV1. Thus, U3NeoSV2 appears to target a more random set of genes than U3NeoSV1.
Based on information obtained using the Entrez map viewer, 78 of the 84 annotated genes disrupted by U3NeoSV2 (93%) contained proviruses inserted into introns, although in some of these cases the¯anking DNA also matched one or more ESTs up to the site of virus integration. As discussed above, many of these matching ESTs are probably artifacts resulting from cDNAs cloned from unspliced transcripts or from cloned contaminating genomic DNA. Alternatively, some of the ESTs may be derived from less abundant, alternatively sliced transcripts that have not been incorporated into the gene structural annotations. In either event, gene entrapment by U3NeoSV2, like U3NeoSV1, preferentially targets introns.
Cryptic splice sites are used for expression of U3NeoSV2 vector when inserted in introns
To understand mechanisms that facilitate Neo expression following insertion of the U3NeoSV2 vector into introns, four clones with intron inserts were selected for analysis of cell± Neo fusion transcripts. Total RNA from Dhx9 [DEAH (AspGlu-Ala-His) box polypeptide 9] (44), Uhg (U22 snoRNA host gene) (45) , Tk1 (thymidine kinase 1) (46) and Eef1a1 (elongation factor 1a) (47) clones was puri®ed and analyzed by RT±PCR. All of the clones contained a single intact integrated provirus (data not shown) and sequences of the upstream, proximal exons were used to design GSPs for RT± PCR. RT reactions were primed using a Neo-speci®c primer (NeoA) and cDNAs were ampli®ed using a second, nested Neo-speci®c primer (NeoB) together with the GSP complementary to the upstream exon closest to the U3NeoSV2 provirus (Fig. 8A) . The Neo primers were located downstream of the mutated cryptic 3¢ SS. Genomic DNAs from each clone were also ampli®ed with NeoB and GSPs to provide size standards for RT±PCR products that would be generated from transcripts colinear with the¯anking genomic DNA, i.e. transcripts that are not spliced in the region between the GSP and Neo primer. As shown in Figure 8B (left), RT±PCR products ampli®ed from all four clones included fragments shorter than the intervening genomic DNA. The shorter fragments also hybridized to an oligonucleotide probe corresponding to the end of the viral LTR (Fig. 8B, right) . These data suggest that gene±U3Neo fusion transcripts are spliced, presumably between the 5¢ SS of the upstream exon and cryptic 3¢ SSs adjacent to the provirus. Cell±U3Neo fusion transcripts appeared to be exclusively spliced in the Dhx9, Eef1a1 and Tk1 inserts as determined by the size of RT±PCR products. However, the predominant fragment ampli®ed from the Uhg clone was similar in size to the PCR product derived from genomic DNA and thus appeared to originate from unspliced transcripts extending through the proximal intron.
To further characterize cell±U3NeoSV2 fusion transcripts expressed following insertion into introns, four independent RT±PCR products from the Dhx9, Eef1a1, Tk1 and Uhg (short product) clones were cloned and sequenced (Fig. 9) . Fusion transcripts in all four lines spliced from the proximal exons to cryptic 3¢ SSs close to the 5¢ end of the U3NeoSV2 provirus. The cryptic 3¢ SSs utilized by Dhx9 and Uhg transcripts were derived entirely from intron sequences (Fig. 9A) . However, the 3¢ SSs utilized by Eef1a1 and Tk1 transcripts were derived from a combination of cellular and viral sequences brought together by virus integration. Speci®cally, branch point and polypyrimidine sequences were located in the adjacent introns, but the Eef1a1 and Tk1 fusion transcripts spliced after an AG dinucleotide located 6 nt downstream of the cell± virus junction (Fig. 9 ).
Among disrupted genes for which annotated protein coding sequences were available, 36 contained proviruses inserted between protein coding exons and 37 contained proviruses positioned upstream of the protein coding sequence. The Figure 8 . Analysis of fusion transcripts expressed in cells following gene trap mutagenesis with U3NeoSV2. (A) RT±PCR strategy for ampli®cation of cell±virus fusion transcripts. Primer NeoA was used for RT followed by ampli®cation with NeoB and GSPs. Genomic DNA ampli®ed with NeoB/ GSP primer pair provides a PCR control and a size standard for unspliced fusion transcripts that extend from the proximal exon of the disrupted gene into the provirus. A 30 nt U3 probe was used for Southern blot analysis of PCR products. (B) PCR products ampli®ed from fusion transcripts expressed by inserts in the Dhx9, Uhg, Tk1 and Eef1a1 genes were fractionated on 1% agarose gels and stained with ethidium bromide (RT±PCR, left) and then analyzed by Southern blot hybridization (right), probing with the U3 probe. PCR reactions were performed using total cellular RNA with (RT) and without (±RT) reverse transcription or using genomic DNA (DNA). With the exception of Uhg, the ampli®ed fusion transcripts were smaller than the corresponding genomic DNA sequence, indicative of splicing between the upstream exon and cryptic splice sites upstream of the U3 sequence. Sequences ampli®ed from Uhg fusion transcripts appeared to be derived mainly from transcripts extending from the proximal exon into the provirus, although some spliced products were also detected. The sizes of the major PCR products (nucleotides) are indicated. translational reading frame of the upstream proximal exons appeared to be random, with similar numbers of 5¢ SSs occurring after the ®rst, second and last nucleotide of a codon (10, 14 and 12 instances, respectively). This is in striking contrast to gene entrapment by U3NeoSV1, where 93% of the proximal coding exons were predicted to splice after the ®rst codon nucleotide, allowing the disrupted genes to encode NPT fusion proteins.
Activation of a cryptic 3¢ SS in an intron of the gene encoding hnRNP C
We previously characterized a null mutation in the Hnrpc gene induced by the U3His gene trap retrovirus (24) . Given the location of the provirus in the ®rst intron upstream of the start codon of hnRNP C we were interested in factors that allowed expression of the inserted HisD-poly(A) sequence. As before, fusion transcripts across the cell±U3His junction were analyzed by RT±PCR, using a combination of vector-speci®c primers and GSPs (Fig. 10A) . Only one cDNA was ampli®ed and it was signi®cantly smaller than the corresponding region of genomic DNA (Fig. 10B) . This cDNA did not hybridize to an intron probe (U1, Fig. 10A ) and thus appeared to be derived from a spliced transcript. Analysis of the RT±PCR product and genomic sequences indicated that the proximal Hnrpc exon splices to a cryptic 3¢ SS located 32 nt upstream of the provirus in the adjacent intron. This splice site closely matches the 3¢ SS consensus sequence (Fig. 10C ) and it appears to be used ef®ciently, given the absence of unspliced fusion transcripts.
DISCUSSION
The present study examined the mechanisms by which gene entrapment vectors consisting of a NPT coding sequence and poly(A) site are expressed following insertion throughout the genome and selection for neomycin-resistant clones. Over 93% of the inserted Neo-poly(A) sequences were located in introns of cellular genes and were expressed from transcripts that spliced to cryptic 3¢ SSs present either in the vector or in the adjacent intron sequence. The wild-type Neo coding sequence was found to contain a cryptic 3¢ SS located 23 nt downstream of the initiation codon and, consequently, a vector (U3NeoSV1) containing the wild-type Neo sequence typically disrupted genes that can splice in-frame to express enzymatically active NPT fusion proteins. Elimination of the cryptic Neo 3¢ SS in the otherwise identical U3NeoSV2 vector did not reduce the proportion of entrapment clones that contained proviruses inserted into introns. Instead, the fusion transcripts utilized cryptic 3¢ SSs present in the adjacent intron or generated by viral and cellular sequences brought together by virus integration.
The mechanism of gene entrapment by U3NeoSV1 predicted that gene targeting would be biased toward genes capable of splicing in-frame to express enzymatically active NPT fusion proteins and, in fact, mutagenesis with U3NeoSV2 appeared to be considerably more random than with U3NeoSV1. First, 93% of coding exons upstream of U3NeoSV1 spliced after the ®rst codon nucleotide, as required to express NPT fusion proteins, whereas, the translational reading frames of exons upstream of U3NeoSV2 appeared to be random. Second, with exclusion of an insert in Hnrpc, none of the 84 characterized genes disrupted by U3NeoSV2 was represented among 281 mutations induced by U3NeoSV1, including Pecam (platelet endothelial cell adhesion molecule), which was disrupted nine times in the U3NeoSV1 mutant library. Finally, none of the genes disrupted by U3NeoSV2 was targeted more than once, whereas 33% of the genes disrupted by U3NeoSV1 were targeted multiple times.
The greater randomness of gene targeting by U3NeoSV2 as compared to U3NeoSV1 presumably re¯ects differences in number of sites in the genome that can allow U3Neo gene expression. By inference, sequences that can function as 3¢ SSs appear to be widely distributed within introns. The results using U3NeoSV1 also suggest that a variety of protein sequences can be appended to the N-terminus of the NPT enzyme while maintaining enzymatic activity. This is consistent with previous studies of NPT fusion proteins (48±50), although in some cases (e.g. in Mrps30 cells) proteolytic degradation may release active enzymes from larger, possibly inactive, fusion proteins (51) .
The behavior of U3 gene trap vectors is consistent with an exon de®nition model of splice site selection. According to the model, factors that bind to the ends of exons, including the 5¢-terminal cap, splice sites and poly (A) signal, interact across the exon and establish functional units that can be acted on by the splicing machinery (26±28). The de®nition and polyadenylation of 3¢-terminal exons appears to occur cotranscriptionally by factors recruited through RNA polymerase II and by spliceosome assembly (29±32). Several observations suggest that polyadenylation is coupled to the activity of a 3¢ SS. For example, poly(A) sites are not ef®ciently recognized when positioned within introns (34, 35) and insertion of a 5¢ SS into a 3¢-terminal exon suppresses polyadenylation (36, 37) . Conversely, upstream 3¢ SSs enhance polyadenylation (33,38±40) . Finally, mutations in the 3¢ SSs of terminal exons result in the activation of cryptic 3¢ SSs upstream or downstream of the mutation (41, 42) . The requirement for exon de®nition explains why sequences resembling splice sites are frequently found in introns but are not recognized by the splicing machinery (33) . However, if the context of these sequences is altered by the insertion of a poly(A) site, as illustrated in the present study by inserts in introns of Rps19, Dhx9, Uhg and Hnrpc, then these splice sites can function ef®ciently enough for the cells to express drug resistance. The U3 gene traps select for clones in which the polyadenylation signal within the LTR retrovirus is active. In most cases, this involves activation of cryptic 3¢ SSs that allow the U3-poly(A) sequence to be de®ned as a 3¢-terminal exon. Exons proximal to the provirus also maintained at least some autonomy, splicing to cryptic sites upstream of the provirus. However, some fusion transcripts extended through the proximal exon and intervening intron sequences into the provirus, as illustrated by inserts disrupting Lamr1, Mrps30 and Uhg. In general, the ef®ciency of splicing between the proximal exon and cryptic 3¢ SS was reduced as the size of the excised intron decreased.
A U3NeoSV1 insert in the gene encoding the S19 ribosomal subunit illustrates the relatively infrequent case in which splicing between the proximal exon and cryptic Neo 3¢ SS was predicted to be out-of-fame and, in fact, splicing to the Neo 3¢ SS was not observed. Instead, the Rps19 transcripts spliced to a cryptic splice site located in the intron just upstream of the provirus. The resulting Rps19±U3Neo fusion transcripts preserve the NPT initiation codon and express native NPT protein, apparently translated as a downsteam open reading frame. Rps19 transcripts spliced exclusively to the intron site, suggesting that the intron sequence provided a more ef®cient 3¢ SS than the Neo sequence. The Rps19 intron site also more closely matched the 3¢ SS consensus sequence than the cryptic Neo 3¢ SS. Thus, while splicing to the cryptic Neo 3¢ SS is ef®cient enough to confer neomycin resistance, the provirus may also utilize stronger cryptic splice sites in the¯anking cellular DNA, should these be available.
Two cell lines with mutations in Gas5 and Plk were studied to assess how U3 gene expression occurs when U3NeoSV1 inserts into exons. In both instances, fusion transcripts extending into the provirus spliced to the acceptor site of the occupied exon. However, most Plk±U3Neo transcripts were generated by splicing between the proximal (to the occupied exon) exon and the cryptic Neo splice site. Although the proximal Plk exon is in the correct reading frame to produce a fusion protein, NPT expressed by Plk cells was the approximate molecular weight of the native enzyme. It is possible that the NPT is a breakdown product of a larger fusion protein.
Approximately 88% of the¯anking sequences matched annotated genes in the mouse genome sequence, providing an independent assessment of the number of genes in the mouse genome. The composite MGSCv3 and HTGS Phase 3 sequence contained 33 958 protein coding genes based on transcript alignment and 49 838 genes predicted by the GenomeScan program (http://www.ncbi.nlm.nih.gov/genome/ guide/mouse/MmStats.html). Estimates by the Mouse Genome Sequencing Consortium (50) and others (51, 52) range between 30 000 and 45 000 protein coding genes. Inserts that did not appear to disrupt annotated genes may re¯ect the presence either of new genes or of additional exons that would extend the boundaries of existing transcription units. Transcriptionally active regions not associated with protein coding sequences could theoretically activate provirus gene expression, although there are no data to support this conjecture. In any event, the gene entrapment data are consistent with current estimates of gene number.
Gene entrapment provides an effective strategy to generate and characterize large numbers of mutations in ES cells, providing mutant alleles for transmission into the mouse germline (22±25). Insertion of U3 gene trap vectors into introns have had variable effects on the expression of the occupied genes, as illustrated by essentially null mutations in Rangap1 (Ran GTPase activating protein) (43) , EphA2 (Eph receptor A2) (44) , Hnrpc (45) and Prmt1 (arginine methyltransferase 1) (46), as well as a hypomorphic allele involving Hnrpa2b1 (hnRNP A2/B1) (47) . The severity of each mutation appears to depend on the ef®ciency of splicing between 5¢ exons of the occupied gene and cryptic 3¢ SSs in or upstream of the entrapment vector. Thus, a hypomorphic mutation in Hnrpa2b1 results from transcripts that skip the relatively weak cryptic 3¢ SS in the U3Neo gene, whereas a null mutation in Hnrpc results from the ef®cient utilization of a cryptic 3¢ SS in the adjacent intron sequence.
Other strategies for gene entrapment have encountered issues that affect the randomness of gene targeting and the mutagenic potentials of the targeting vectors (12, 48, 49) . However, these issues are offset by the relative ease with which large numbers of insertion mutations can be characterized and by using a variety of entrapment vectors. In addition, the availability of multiple, independent mutations in the same gene (alleles) may be bene®cial in the analysis of gene function.
